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Oil contentThis study attempted to determine the effects of thawing conditions and corresponding frying tempera-
ture profiles on the formation of acrylamide in French fries. Frozen par-fried potato strips were thawed
under three different conditions, at room temperature, using a chiller, and using a microwave. Unthawed
par-fried potato strips were used as the control samples. Thawed (or unthawed) par-fried potato strips
were deep-fat fried in palm oil at 180 ± 5 C for 3.5 min. The temperature drop was monitored every
15 s for a total of 6 min; 3.5 min of frying time plus an additional 2.5 min until the oil temperature
returned to 180 C. The acrylamide content, oil content and colour of the French fries were measured.
The frying temperature dropped substantially (more than 30 C) from the initial temperature in the first
45 s of frying for all thawing conditions. After 90 s of frying, the smallest temperature drops were
observed for French fries thawed using a microwave (20%), and the largest temperature drop prior to
recovery was seen with the control sample (24%). At the end of the frying period (after 210 s), French fries
thawed using a microwave had reached the highest final temperature (154 C), and the control sample
had reached the lowest final temperature (145 C). The acrylamide contents of the French fries were
found to be in the range of 77.4–106 ng/g, whereas the oil contents ranged from 16.4 to 20.5%. The lowest
lightness, highest redness and highest yellowness were found for French fries thawed using a microwave.
Although the thawing conditions did not significantly affect the formation of acrylamide, microwave
thawing was found to be the best thawing method due to the resulting (relatively) low acrylamide
and oil contents of the French fries and their desirable colour attributes. The results of this study can
be used to recommend that the manufacturers of frozen par-fried potato strips specify the use of a micro-
wave for thawing as part of the frying instruction on the packaging.
 2018 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Acrylamide is classified by the IARC as a probable carcinogen
(Group 2A), and fried potato products such as French fries are
the most important dietary source of acrylamide (IARC, 1994;
Luning and Sanny, 2016). The FAO/WHO (2005) suggested that
appropriate efforts to reduce the acrylamide concentrations infoods should continue. Recently, the ‘benchmark value’ for French
fries has been set lower (500 mg/kg) than the ‘indicative value’
(600 mg/kg) (European-Commission, 2017). Investigations are rec-
ommended if the acrylamide levels exceed the prescribed values
(European-Commission, 2011, 2017).
The major mechanistic pathway for the formation of acrylamide
in foods is believed to be the Maillard reaction (Cladiere and Camel,
2017; De Vleeschouwer et al., 2009; Knol et al., 2005). In food-
processing systems that incorporate high temperatures and water
loss, acrylamide formation could be favoured (Paul et al., 2016;
Sanny, 2012; Yaylayan et al., 2003). The acrylamide content tends
to increase exponentially with respect to frying temperature as its
formation is sensitive to decreases in moisture content (De
Vleeschouwer et al., 2008; Gökmen and Palazoglu, 2008). Since
acrylamide is formed towards the end of the frying process,
the temperature during the second half of the process is moretion of
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2006). Various authors have discussed other factors that can affect
the temperature profile such as setting a lower temperature
towards the end of the frying period than at the start of
frying (Palazoglu and Gökmen, 2008), the ratio between product
and oil (Grob et al., 2003), and the thawing conditions
(Tuta et al., 2010).
The thawing of frozen potato strips caused greater oil absorp-
tion, more moisture loss, and therefore resulted in temperature
drops during frying (Burr, 1971; FAO/WHO, 2009; Mehta and
Swinburn, 2001; O’Connor et al., 2001). Different authors reported
that portion size influenced the magnitude of the drop from the
initial frying temperature and thus the formation of acrylamide
(Fiselier et al., 2006; Grob et al., 2003). However, few studies have
explored the effect of the temperature drops due to thawing con-
ditions on the formation of acrylamide. Tuta et al. (2010) reported
that acrylamide formation was 89% lower when the potato strips
were thawed using a microwave, and a shorter frying time was
required for the thawed potato strips than for the unthawed
potato strips. In a previous study, we found a moderate negative
correlation between the thawing method and acrylamide forma-
tion, but the temperature drops over the frying period were not
measured (Sanny et al., 2013). Recently, Soncu and Kolsarici
(2017) reported the use of microwave thawing on the formation
of acrylamide in chicken burgers and chicken nuggets, but did
not evaluate the effect of different thawing conditions on acry-
lamide formation.
Therefore, the objective of this study was to determine the
effect of thawing conditions and corresponding frying tempera-
ture profiles on the formation of acrylamide. Frozen par-fried
potato strips were thawed under three different conditions, at
room temperature, using a chiller, and using a microwave.
Unthawed par-fried potato strips were used as control samples.
Thawed (or unthawed) par-fried potato strips were deep-fat fried
in palm oil at 180 ± 5 C for 3.5 min, and the temperature drop
was monitored. The acrylamide content, oil content and colour
of the French fries were measured. The results of the present
study might have implications on how frying instructions on
the packaging should be written (with regard to thawing, in addi-
tion to frying temperature and time) to reduce acrylamide forma-
tion in French fries.
2. Materials and methods
2.1. Par-fried potato strips and palm oil
This study was performed using straight-cut par-fried potato
strips (8 mm  8 mm  70 mm). The frozen par-fried potato strips
packed in 1 kg plastic bag was purchased from a supermarket in
Seri Kembangan, Selangor. Potato strips of the same batch number
were chosen. Palm oil was purchased from a local grocery store in
Seri Kembangan, Selangor, Malaysia. The purchased potato strips
and palm oil were stored at 18 C and room temperature, respec-
tively, prior to use.
2.2. Thawing of the frozen par-fried potato strips
The frozen par-fried potato strips were thawed under three dif-
ferent conditions, at room temperature, using a microwave and
using a chiller. Unthawed potato strips were used as the control
samples. The thawing of frozen potato strips at room temperature
was done under air conditioning at 24 C for 2 h (Sanny et al.,
2013). A SHARPMicrowave Oven was used for microwave thawing,
and frozen potato strips were thawed at 30% power level for 5 min.
The thawing of frozen potato strips using a chiller was done at 5 C
overnight.Please cite this article in press as: Abdul Hamid, N., et al. Effect of thawing con
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The thawed potato strips were deep-fat fried in palm oil. For
each set of thawing conditions, replicate experiments were con-
ducted. A batch of 500 g of randomly chosen frozen potato strips,
which were thawed under the various thawing conditions, was
deep-fat fried at 180 ± 5 C for 3.5 min. The temperature drop of
the oil was monitored every 15 s for a total of 6 min; 3.5 min of fry-
ing time and an additional 2.5 min until the oil temperature
returned to 180 C. An electric fryer (Roller Grill, Bonneval, France)
with an oil capacity of 5 L was used. During deep-fat frying, a cal-
ibrated K-type thermocouple (Fluke 51 II, WA, U.S.A.) was used to
monitor and record the changes in the oil temperature. In each fry-
ing experiment, a new batch of oil was used. After frying, the
French fry samples were kept in a plastic bag at 18 C and coded
prior to analysis.
2.4. Analysis of the oil content
The oil contents of the French fries were determined by the
Soxhlet method (AOAC, 1995) using a solvent extractor and petro-
leum ether as the solvent. The extracted oil was collected by evap-
orating the solvent under vacuum using a rotary evaporator. The
flasks containing the extracted oil were dried to constant mass in
a vacuum oven.
2.5. Analysis of colour
The colours of the French fries were determined according to
Mulla et al. (2011) using a CIE Lab/Hunter Lab UltraScan Pro
colourimeter with EasyMatch QC software (Hunter Associate Labo-
ratory Inc., Reston, VA., U.S.A.). The Hunter Lab notation was used
in which L⁄ indicates the level of lightness or darkness (0 for black,
100 for white), a⁄ represents the level of redness (positive values)
or greenness (negative values), and b⁄ represents the level of yel-
lowness (positive values) or blueness (negative values). The
colourimeter was calibrated using a white and black plate, and
the same background was used for all analyses.
2.6. Analysis of acrylamide
2.6.1. Chemicals and stock solutions
Acrylamide (>99%) was obtained from Sigma–Aldrich (St. Louis,
MO, U.S.A.). Acetonitrile, methanol and petroleum ether were
obtained from Merck (Darmstadt, Germany). Ultra-pure water (1
8.2 MX cm) was obtained from an ELGA (Lane End, High
Wycombe, UK) water purification system.
Stock solutions of acrylamide (0.2 mg/mL) were prepared by
dissolving the compound in distilled water. Working standards
were prepared by diluting the stock solution of acrylamide to con-
centrations of 0.5, 5, and 10 mg/mL with water. All stock solution
and working standards were kept in a chiller for no longer than
3 months.
2.6.2. Sample preparation procedures
The protocol described by Sanny et al. (2012, 2013) was gener-
ally followed. The sample was ground in a blender (Braun multi-
quik ZK3, Frankfurt, Germany), a French fries was placed in a 50-
mL disposable, plastic centrifuge tube, and then 10 mL of water
was added to the tube. A vertical shaker (RS-1, Jeio Tech Co.,
Gyeonggi-do, Korea) was used to mix the solution for 30 min at
approximately 285 pulses/min. The homogenate was centrifuged
in a refrigerated centrifuge (3–18 K, Sigma, Gillingham Dorset,
UK) at 11,200 RCF (g) for 30 min at 4 C. An approximately 2-mL
aliquot of the liquid beneath the oil layer was taken using a syr-
inge, and the solution was filtered through a 0.22 lm nylon syringeditions and corresponding frying temperature profiles on the formation of
s (2018), https://doi.org/10.1016/j.jssas.2018.01.002
Fig. 1. Temperature profile during frying of French fries thawed under three
different conditions, at room temperature, using a chiller, and using a microwave.
Unthawed par-fried potato strips were used as the control samples.
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was collected and promptly transferred to a vial before LC-MS/MS
analysis.
2.6.3. LC-MS/MS analysis
The extracts and standards were introduced into a Thermo Sci-
entific Surveyor UPLC system equipped with a Thermo Scientific
Hypercarb column (2.1 mm  50 mm, 5 lm) (ThermoFisher Scien-
tific, San Jose, USA). The acrylamide was detected on a Thermo Sci-
entific TSQ Quantum Ultra triple quadrupole mass spectrometer
operating in the positive atmospheric pressure chemical ionization
(APCI+) mode. The calibration standards contained acrylamide at
concentrations of 10, 50, 100, 500, and 1000 ng/mL. The injection
volume was 10 lL. Acrylamide was separated under isocratic con-
ditions using 100% water as the mobile phase at a flow rate of 0.15
mL/min. The ion transfer capillary temperature was maintained at
250 C, the vaporizer temperature was 375 C and the discharge
current was 5 lA. The argon collision gas pressure was 1.5 mTorr
for MS/MS. The collision energy was kept at 9 eV for each moni-
tored transition in selective reaction monitoring mode (SRM).
The run time for the analysis was 8 min.
2.6.4. Quantification
For quantification, the transitions of m/z 72–55 for acrylamide
was used. To confirm the peak identity, the transitions of m/z
72–55, 72–54 and 72–44 were used. A calibration graph was con-
structed by plotting the peak area of acrylamide against the corre-
sponding ratios of the amounts of analyte. Acrylamide
concentrations in the sample extracts were calculated from the cal-
ibration slope and intercept value. Calibration curves were con-
structed and were found to be linear (r2 > 0.999). The limit of
detection was 1 ng/g, and the recoveries were between 100 and
108%.
2.7. Statistical analysis
The results were analysed using analysis of variance (ANOVA)
by Minitab Statistical Software v.14 (Minitab Inc., State College,
Pa., U.S.A.). One-way ANOVA was used to evaluate the mean differ-
ences in the acrylamide concentrations, in the oil contents and in
the colour parameters (L⁄, a⁄, and b⁄) among the samples thawed
under different conditions. In tests, a p value of 0.05 or less was
considered significant.Table 1
Oil contents of French fries thawed using three different
conditions.
Thawing condition Oil Contents (%)
Unthawed (control) 17.2 ± 0.30
Room temperature 16.4 ± 0.79
Chiller 20.5 ± 3.8
Microwave 17.2 ± 1.9
Values are the means of 2 determinations ± SD.3. Results and discussion
3.1. Effect of thawing conditions on the frying temperature profile
The temperature drop was monitored to determine the temper-
ature profile during the frying of French fries thawed under three
different conditions (unthawed potato strips were used as the con-
trol samples). Fig. 1 shows that the frying temperature decreased
dramatically from the initial temperature (by more than 30 C) in
the first 45 s of frying for all thawing conditions. However, after
90 s of frying, the smallest temperature drops before recovery were
observed for French fries thawed using a microwave (20%), which
was followed by French fries thawed using a chiller (21%) and the
room temperature (23%) and control samples (24%). At the end of
the frying period (after 210 s), the French fries thawed using a
microwave reached the highest final temperature at 154 C, and
the control sample reached the lowest final temperature at 145
C. The results are consistent with those of Tuta et al. (2010) who
reported a 15–20 C drop in the oil temperature of par-fried potato
strips thawed in a microwave oven prior to final frying in sun-
flower oil. Unthawed French fries caused the biggest temperaturePlease cite this article in press as: Abdul Hamid, N., et al. Effect of thawing con
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of the potato strips, which then melted into water and become
vapour during frying thus cooling the oil (NEODA, 2003). Because
it avoided a holding stage, thawing using a microwave provided
a quick means of thawing the frozen strips, and therefore prevent-
ing the diffusion of moisture from the centre to the outer layers
prior to the end of the frying period (Tuta et al., 2010). This could
be the reason why the potato strips thawed using a microwave
resulted in the smallest temperature drop, which was no more
than 40 C during its deep-fat frying.3.2. Oil contents and the colour of the French fries
The oil content was measured to determine the effects of differ-
ent thawing conditions on the oil content of French fries. Table 1
shows that the highest oil content was found for French fries
thawed using a chiller (20.5%), and the lowest content was found
for French fries thawed at room temperature (16.4%); however,
the differences were not significant. The fat contents of French fries
of good culinary quality varied between 17 and 20.5% (Matthäus
et al., 2004). The frozen potato strips that were thawed at room
temperature for 2 h did not meet acceptable culinary standards
due to their low oil contents. Although consumers normally seek
out low-fat foods, palatable flavour is still a consideration. In fact,
most of the desirable attributes of fried foods are derived from the
formation of a composite structure, which is a dry, porous, crisp
and oily outer layer or crust, and a moist cooked interior or core
(Pedreschi et al., 2009).
The colour of the French fries is an important parameter that
must be controlled during processing in addition to the oil content
and acrylamide concentration (Rosen, 2002). Table 2 shows the
lowest lightness, the highest redness and the highest yellowness
were found in the French fries thawed using a microwave; how-
ever, the differences in lightness, redness and yellowness among
the samples subjected to the various thawing conditions wereditions and corresponding frying temperature profiles on the formation of
s (2018), https://doi.org/10.1016/j.jssas.2018.01.002
Table 2
L*, a*, b* values of French fries thawed using three different conditions.
Thawing condition L* a* b*
Unthawed (control) 75.7 ± 0.79 2.14 ± 0.15 24.5 ± 0.049
Room temperature 75.5 ± 2.1 2.56 ± 0.92 15.2 ± 1.1
Chiller 77.3 ± 0.010 2.92 ± 1.4 24.9 ± 1.4
Microwave 74.6 ± 1.7 3.69 ± 0.93 25.5 ± 0.010
Values are the means of 2 determinations ± SD.
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temperature of 180 C for frying the microwave-thawed potato
strips was sufficient to give the French fries good colour attributes.
Using the other thawing conditions resulted in the colours of the
French fries being slightly high in lightness and slightly low in red-
ness and yellowness, which indicated that longer frying times were
needed. In addition, Grob (2007) emphasized that it is important to
prevent the oil temperature from dropping below approximately
145 C, since at that point, crust formation becomes insufficient.
For microwave-thawed samples, even though the oil temperature
dropped to 144 C, the temperature rose to 146 C within 30 s,
which explains why golden-yellow coloured French fries were
obtained.3.3. Effect of thawing conditions and temperature profile on the
acrylamide content
The acrylamide concentration was measured to determine the
effect of the different thawing conditions on the formation of acry-
lamide in the French fries. Table 3 shows that the highest acry-
lamide concentration was found for the French fries thawed
using a microwave (106 ng/g), and the lowest was found for the
French fries thawed using a chiller (77.4 ng/g); however, the differ-
ences were not significant. The concentrations of acrylamide
reported in the present study are in line with those reported by
Tuta et al. (2010) who reported acrylamide concentrations in
unthawed French fries between 18 ng/g and 72 ng/g using a similar
time-temperature combination. As mentioned previously, French
fries thawed using a microwave showed the smallest temperature
drop (20%) after 90 s of frying and the highest temperature (154 C)
at the end of frying (after 210 s). Therefore, a shorter frying time
was needed for microwave-thawed fries compared to those
thawed using other conditions. It seems the allocated time of 3.5
min at an initial temperature of 180 C for frying the microwave-
thawed potato strips was sufficient to give the French fries good
colour attributes and oil contents. The findings are consistent with
those of Tuta et al. (2010) who reported microwave-thawed par-
fried potato strips required a shorter frying time compared to
unthawed potato strips. Soncu and Kolsarici (2017) also used a
shorter frying time (1 min 30 s at 170 C) to fry microwaved-
thawed nuggets compared to non-microwaved nuggets (3 min at
170 C); however, they did not evaluate the effect of the different
thawing conditions on the acrylamide contents. The researchers
did report that microwave thawing did not affect the acrylamide
concentrations in the nuggets. In addition, the European-Table 3
Acrylamide concentrations of French fries thawed using three different conditions.
Thawing condition Acrylamide concentrations (ng/g)
Unthawed (control) 85.1 ± 5.30
Room temperature 83.8 ± 3.04
Chiller 77.4 ± 4.53
Microwave 106 ± 17.9
Values are the means of 2 determinations ± SD.
Please cite this article in press as: Abdul Hamid, N., et al. Effect of thawing con
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mark’ level for acrylamide in French fries at 500 ng/g. Although
the thawing conditions did not significantly affect the formation
of acrylamide, the acrylamide results found in the present study
are considered low because they are far below the ‘benchmark’
level.
4. Conclusion
In this study, we showed that French fries thawed using a
microwave produced the smallest temperature drops (20%) after
90 s of frying and attained the highest final frying temperature
(154 C after 210 s). Although the thawing conditions did not sig-
nificantly affect the formation of acrylamide, microwave thawing
was found to be the best thawing method due to the (relatively)
low acrylamide and oil contents of the French fries and their desir-
able colour attributes. To obtain crispier French fries, manufactur-
ers commonly instruct consumers not to thaw the frozen potato
strips before frying (Lou, 2005; Products, 2009). The results of this
study can be used to recommend to the manufacturers of frozen
par-fried potato strips that they should specify the use of a micro-
wave for thawing as part of the frying instructions on the packag-
ing to reduce acrylamide formation in French fries.
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